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Abstract. Using Hinode SP and G-band observations, we examined the relationship between
magnetic field structure and penumbral size as well as Evershed flow speed. The latter two
are positively correlated with magnetic inclination angle or horizontal field strength within 1.5
kilogauss, which is in agreement with recent magnetoconvective simulations of Evershed effect.
This work thus provides direct observational evidence supporting the magnetoconvection nature
of penumbral structure and Evershed flow in the presence of strong and inclined magnetic field.
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1. Introduction and Motivation
The penumbra along with the coupled Evershed flow has been one of the most intrigu-
ing phenomena on the Sun that motivated many detailed observational and theoretical
studies. High resolution imaging and spectro-polarimetric analyses have revealed that
the penumbra consists of two distinct magnetic components. The more inclined magnetic
component (60◦–100◦ from inner to outer penumbra, with respect to the surface normal)
with weaker field strength (∼1200 Gauss) is embedded in the less inclined magnetic back-
ground (30◦– 60◦ from inner to outer penumbra) that has stronger field strength (∼1700
Gauss), which is frequently referred as “uncombed” structure (Solanki & Montavon 1993;
Langhans et al. 2005; Beck 2008; Borrero 2009, and references therein). The Evershed
flow is magnetized and mainly carried by the more inclined magnetic component (e.g.,
Title et al. 1993; Stanchfield et al. 1997; Bellot Rubio et al. 2004; Borrero et al. 2005;
Ichimoto et al. 2008; Deng et al. 2010).
Several theoretical models have been proposed to understand the penumbral structure
and the mechanism of the Evershed flow, such as siphon-flow with downward pumping of
magnetic flux (Montesinos & Thomas 1997; Thomas et al. 2002), embedded moving flux
tube model (Schlichenmaier et al. 1998), “gappy penumbra” model (Scharmer & Spruit
2006), and elongated convective granular cells by the presence of inclined strong mag-
netic field (Hurlburt et al. 1996, 2000). In particular, recent realistic three-dimensional
numerical MHD simulations have successfully reproduced the penumbral structure and
Evershed flow as a natural consequence of thermal magnetoconvection when the average
inclination of kilogauss magnetic field is larger than 45◦ (Rempel et al. 2009a). More-
over, the filamentary patten and the speed of the simulated Evershed horizontal surface
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Figure 1. Hinode/SP Fe i 630 nm continuum images (top row) and Bz component magne-
tograms (bottom row) of the 9 sunspots with their NOAA AR numbers labeled on top. The
FOV for each panel is 90′′ × 90′′.
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Figure 2. The SP continuum image, G-band LCT flow map and flow speed map of NOAA
10933. The sunspot is evenly divided into 360 sectors from the Center-Of-Mass of the umbra.
flow are strongly controlled by both strength and inclination of the magnetic field with
inclination playing most important role (Rempel et al. 2009b; Kitiashvili et al. 2009).
On the other hand, rapid penumbral decay (disappearance or length reduction) and
change of associated Evershed flow were found right after major flares in the periphery
of complex δ sunspots (Wang et al. 2004; Liu et al. 2005; Deng et al. 2005). The authors
interpret the sudden change of penumbral white light structure to be a result of the
change of overall magnetic field inclination down to the photosphere due to magnetic
reconnection in the flare, which was then confirmed by other authors (Sudol & Harvey
2005; Li et al. 2009).
Both aforementioned magnetoconvective simulations and observations during flares
hint a relationship between magnetic field structure (especially inclination) and penum-
bral size as well as Evershed flow speed. While a systematic examination of such relation-
ship from real observation is still missing. Thanks to the high quality measurement of
vector magnetic field by Hinode, we investigate how the magnetic parameters are related
to the penumbral size and Evershed flow speed by analyzing sunspots of different sizes
(i.e., in large scale) and the properties in different sectors within a sunspot (i.e., in small
scale).
2. Observation and Data Reduction
We studied 9 simple α sunspots at the late phase of solar cycle 23. They are close to
disk center (heliocentric angle < 12◦) and exhibit different size. Fig. 1 shows their contin-
uum images and Bz magnetograms obtained by Hinode Spectropolarimeter (SP). From
the 13 parameters generated by a Milne-Eddington Stoke inversion of the SP data, we
used or calculated the following most relevant parameters: continuum intensity, magnetic
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Figure 3. Scatter plots between penumbral length and magnetic parameters averaged over the
whole penumbral areas of the 9 sunspots. The linear correlation coefficient (CC) are labeled.
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Figure 4. Scatter plots between penumbral length and magnetic parameters averaged in each
sectors for the 9 sunspots. Each spot is represented by one color. The CC for each spot and for
all the data points are labeled.
inclination angle, horizontal field strength, and field strength. The 180◦ azimuthal ambi-
guity of the inverted magnetic field was resolved using the “minimum energy” algorithm
(Metcalf 1994). We transformed the measured magnetic field vectors to local Cartesian
coordinates so that the inclination is with respect to the surface normal. To measure Ev-
ershed flow, we used Local Correlation Tracking (LCT) technique based on a 1hr series of
Hinode G-band images (2min cadence) co-aligned and co-temporal with SP data. Same
tracking window size was used for all the sunspots. Fig. 2 shows the continuum intensity,
LCT flow map and flow speed map of a sunspot.
The continuum images were smoothed and contoured to outline the penumbral areas,
whose inner and outer boundaries are about 0.45I0 and 0.9I0 (I0 is the quiet Sun con-
tinuum intensity), respectively. The penumbral lengthes were measured in each sector
(i.e., the distance between the inner and outer boundaries, see panel a of Fig. 2). The
aforementioned magnetic parameters and LCT outward flow speed were also averaged
over each sector’s area. All these quantities were then averaged over the entire penumbral
area for each sunspot. Sectors where the penumbral structure is complex or deviate from
radial direction much were excluded from consideration.
3. Results and Conclusion
Fig. 3 shows that in large scale the penumbral size is well correlated with magnetic in-
clination angle and horizontal field strength. The mean inclination angles in penumbrae
are all greater than 45◦ for the 9 sunspots. Fig. 4 plots the same but in small scale. While
all the data points still follow the same trend as in Fig. 3, for each individual sunspot the
trend is not consistent. This might be due to dynamic and chaotic fluctuations in small
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Figure 5. Scatter plots between outward Evershed flow speed and magnetic parameters
averaged in each sectors for 4 sunspots that have co-temporal SP and G-band data.
scale or over simplification of our method. Fig. 5 shows that the Evershed flow speed is
always positively correlated with magnetic inclination angle and horizontal field strength
in both small and large scales for the 4 sunspots studied. This result is consistent with
magnetoconvective simulations of Evershed effect, where the horizontal flow speed in-
creases with larger inclination angle within certain field strength range (Kitiashvili et al.
2009). This work thus provides direct observational evidence supporting the magneto-
convection nature of penumbral structure and Evershed flow under strong and inclined
magnetic field.
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